Introduction
============

Microorganisms such as bacteria, yeast and fungi play an important role in remediation of toxic metals through reduction of metal ions and are considered as potential nanofactories \[[@B1]\]. Filamentous fungi are ideal candidates for environmental friendly synthesis of metal nanoparticles because these biomasses are easy to handle \[[@B2]\]. North-Eastern region of India in the eastern Himalayan range is one of the biodiversity hotspots \[[@B3]\] and is rich in diverse groups of flora and fauna which has attracted attention of researchers over the years, but the microbial groups have not been explored for their utility and applications. Therefore, there is a need to study, identify and explore the microbial groups for their application in human welfare.

The fungal systems or myconanofactories have been exploited for the synthesis of metal nanoparticles of silver, gold, zirconium, silica, titanium, iron (magnetite) and platinum \[[@B4]\]. Sastry et al. \[[@B5]\] reported the intracellular synthesis of silver nanoparticles (AgNPs) of 2\~25 nm within *Verticillium* sp. with the deposits of the metal bound to the surface of the cytoplasmic membrane. Fungal species such as *Fusarium oxysporum* can readily synthesize metallic nanoparticles extracellularly using high-levels of secreted proteins and/or enzymes that not only stabilize the particles but allows for an improved yield over an intracellular one \[[@B6]\]. An extracellular synthesis of 60\~80 nm silver nanoparticles has been achieved with the fungus *Phoma* sp. when the fungal cell filtrate was exposed to an aqueous silver nitrate solution at room temperature \[[@B7], [@B8]\]. Similarly, the soil borne *Aspergillus* sp. produced AgNPs, both extracellularly \[[@B9], [@B10]\] and intracellularly \[[@B11]\] after exposure to aqueous silver ions.

It has been shown that AgNPs prepared with a variety of synthetic methods have effective antimicrobial activity \[[@B12]-[@B17]\]. AgNPs have been applied to a wide range of healthcare products, such as burn dressings, scaffold, water purification systems, and medical devices \[[@B18], [@B19]\]. Efficient antibacterial activity of AgNPs produced by the fungus *Fusarium acuminatum* was observed against multidrug resistant and highly pathogenic bacteria, *Staphylococcus aureus*, *Salmonella typhi*, *Staphylococcus epidermidis*, and *Escherichia coli* \[[@B20]\]. In the present study, we attempted to analyse antimicrobial activity of AgNPs synthesized using soil borne fungus predominant in soil habitats at high altitudes of eastern Himalayan range and to assess their efficacy singly and in combination with commonly used antibiotics.

Materials and Methods
=====================

Isolation of fungal isolate
---------------------------

Surface and sub-surface soil samples were collected aseptically from different microhabitats under high altitudinal climatic zones from 3,400\~3,600 msl in the eastern Himalayan range. The soil samples were kept in sterile containers and transported to the laboratory where it was stored at 4℃ until processing. Ten g of the sample was suspended in 90 mL of sterile 0.9% NaCl solution and shaken vigorously on a magnetic stirrer for 20\~30 min to obtain uniform suspension. A serial dilution up to 10^-5^ was made and 0.1 mL aliquot from each dilution was inoculated on potato dextrose agar (PDA) plates and incubated at 25℃ for 48\~72 hr. Isolates which appeared morphologically different were selected and purified, and maintained on PDA slant stored at 4℃ until further use.

Biosynthesis of AgNPs
---------------------

Fifty three fungal isolates were screened for biosynthesis of AgNPs. For the synthesis of silver nanoparticles, the biomass of each fungal isolates were prepared by growing aerobically in potato dextrose broth containing infusion of 250 g potato and 20 g dextrose per litre of distilled water. The inoculated flasks were incubated on orbital shaker at 25 ± 2℃ and agitated at 120 rpm for 96 hr. The biomass was harvested after incubation by filtering followed by repeated washing with distilled water to remove any medium component from the biomass. Ten g (wet weight) was brought in contact with 100 mL of sterilized double distilled water for 48 hr at 25 ± 2℃ in a 250 mL Erlenmeyer flask and agitated again at 120 rpm. The cell filtrate was obtained by filtering it through Whatman filter paper No. 1 (GE Heallthcare, Buckinghamshire, UK). The filtrate was treated with 1 mM AgNO~3~ solution in an Erlenmeyer flask and incubated at room temperature in dark. Control containing cell-free filtrate without silver nitrate solution was run simultaneously as standard with the experimental flask. All experiments were done in three replicates.

Identification of the fungal isolate
------------------------------------

Identification of the selected fungal isolate was carried out by morphological and microscopic observations followed by 18S rRNA gene sequencing. Genomic DNA was extracted using genomic DNA miniprep purification spin kit (Qiagen, Hilden, Germany). The universal 18S rRNA gene primers: forward nu-SSU-0817-5, 5\'-TTAGCATGGAATAATRRAATA-3\' and reverse nu-SSU-1536-3, 5\'-ATTGCAATGCYCTATCCCCA-3\' \[[@B21]\] were used for amplification of the 18S rRNA gene. Amplification of DNA was carried out with a 9700 Gold thermal cycler (Applied Biosystems, Warrington, UK) under the following conditions: initial denaturation at 94℃ for 2 min; 35 cycles of denaturation at 94℃ for 0 min, annealing at 56℃ for 10 sec, extension at 72℃ for 30 sec, and a final extension at 72℃ for 2 min. The amplified PCR product was analyzed on an agarose gel and the amplified DNA was purified using QIA quick gel extraction kit (Qiagen) which was subsequently sequenced using BigDye terminator (Applied Biosystems). The resulting sequence was analysed using the BLAST algorithm of National Centre of Biological Information (NCBI) database to obtain closely related phylogenetic sequences. The phylogenetic tree was constructed using Neighbour Joining method in MEGA ver. 4.0 software.

Characterization of AgNPs
-------------------------

### UV-visible spectroscopy analysis

Change in colour of the cell free filtrate incubated with silver nitrate solution was visually observed over a period of time. The bio-reduction of precursor silver ions was monitored by sampling of aliquots (1 mL) at different time intervals. Absorption measurements were carried out on UV-visible spectrophotometer (CARY-100 BIO UV-Vis Spectrophotometer; Varian Inc., Palo Alto, CA, USA) at a resolution of 1 nm. UV-Visible analysis of several weeks old samples was also carried out to check the stability of synthesized AgNPs.

### Transmission electron microscope (TEM)

For TEM measurements, a drop of synthesized AgNPs was placed on the carbon coated copper grids and kept overnight under vacuum desiccation before loading them onto a specimen holder. TEM micrographs of the sample were taken using the JEOL JSM 100CX TEM instrument (Jeol, Tokyo, Japan) operated at an accelerating voltage of 200 kV.

### Antimicrobial activity

The antimicrobial activity of the synthesized AgNPs was assessed against four test microorganisms, viz., *S. aureus* MTCC96, *Streptococcus pyogenes* MTCC1925, *Salmonella enterica* MTCC735, and *Enterococcus faecalis* MTCC2729. The overnight grown test bacterial cultures were plated on Muller-Hinton agar (MHA). Wells were cut on the plates using cork borer and 50 µL of AgNP solution was dispensed in each well. The mycelia-free water extract alone was used as control. The plates were incubated overnight at 37℃ for 48\~72 hr, and observed for the presence of zones of inhibition.

Assay to evaluate synergistic effects
-------------------------------------

Disk diffusion method, to assay the synergistic effect of extracellularly synthesized AgNPs with commonly used antibiotics, was adopted to test the bactericidal efficacy of these nanoparticles alone and in combination with antibiotics. The standard antibiotic disks were purchased from HiMedia (Mumbai, India). To determine the synergistic effects, each standard antibiotic disk was impregnated with 20 µL of freshly prepared AgNPs and was placed onto the MHA medium inoculated with test organisms. Standard antibiotic disks were used as positive control. Fungal cell-free filtrate was used as negative control. These plates were incubated at 25℃ for 24\~48 hr. After incubation, the zones of inhibition for the control and treated plates were measured. All the assays were performed in triplicate.

Assessment of increase in fold area
-----------------------------------

The increase in fold area was assessed by calculating the mean surface area of the inhibition zone generated by an antibiotic alone and in combination with AgNPs. The fold increase area was calculated by the equation (b^2^ - a^2^)/a^2^, where a and b refer to the zones of inhibition for antibiotic alone and antibiotic with AgNPs respectively \[[@B8]\].

Results
=======

Biosynthesis of AgNPs
---------------------

Out of the fifty three fungal isolates screened, three isolates SP5, SF1, and MP5 were found to reduce the silver salt into the nanoparticles showing the absorbance peak at 412, 419, and 421 nm, respectively. The surface plasmon resonance was not observed for cell-free filtrates of other four fungal isolates studied during this investigation.

Identification of fungal isolates
---------------------------------

The potent fungi were tentatively identified based on the morphological and microscopical observations which were further confirmed by molecular method as *Aspergillus terreus* SP5, *Fusarium* sp. MP5 and *Paecilomyces lilacinus* SF1. The 18S rRNA gene was amplified and sequenced. The nucleotide sequences obtained were deposited to NCBI GenBank (accession Nos. HQ600978, JN040730, and JN860210). The closest homologues to the sequences were selected and the multiple sequence alignments were carried out using the ClustalW program in the MEGA ver. 4.0 software. Phylogenetic tree was constructed based on the obtained 18S rRNA sequences using the neighbour-joining algorithm with 1,000 bootstrap replications ([Fig. 1](#F1){ref-type="fig"}).

Characterization of AgNPs
-------------------------

Cell-free filtrate of three fungal isolates exhibited a gradual change to brown colour when each was incubated with silver nitrate salt and maintained under dark conditions. The colour of the culture filtrate with silver nitrate salt changed to intense brown after 24 hr of incubation whereas the control (without silver nitrate salt) did not exhibit any colour change ([Figs. 2](#F2){ref-type="fig"}\~[4](#F4){ref-type="fig"}). The colour changes observed can be atributed to the surface plasmon resonance of deposited AgNPs \[[@B22]\].

The UV-visible spectra of fungal supernatants (*A. terreus* SP5, *P. lilacinus* SF1 and *Fusarium* sp. MP5) treated with the silver nitrate solutions showed a characteristic surface plasmon absorption band at 412, 419, and 421 nm respectively, and the maximum colour intensity was attained after 72 hr ([Fig. 5](#F5){ref-type="fig"}). Beyond 72 hr of incubation, no further increase in intensity was recorded indicating complete reduction of silver ions by the fungal culture filtrate. Apart from this, an absorption peak was also observed in the UV region corresponding to 280 nm indicating presence of amino acid residues.

Stability of synthesized AgNPs was monitored regularly for about 3 months. It was observed that the nanoparticles solution was extremely stable at room temperature, with no evidence of flocculation of particles as determined by UV-visible spectroscopy measurements. This indicated that the nanoparticles were well dispersed in the solution without aggregation.

TEM provided further insight into the morphology and particle size distribution profile of the AgNPs and revealed pattern similar to the biosynthesized AgNPs characterized using TEM \[[@B23], [@B24]\]. The data obtained from transmission electron-micrograph showed distinct shape and size of nanoparticles. The particles were spherical in shape in the range of 5\~50 nm and uniformly distributed without significant agglomeration ([Figs. 6](#F6){ref-type="fig"}\~[8](#F8){ref-type="fig"}).

Antimicrobial activity
----------------------

The mycosynthesized AgNPs were tested against *S. aureus* MTCC96, *S. pyogenes* MTCC1925, *S. enterica* MTCC735 and *Enterococcus faecalis* MTCC2729 for the antimicrobial efficacy which resulted in formation of varying zone of inhibitions. No inhibition zones were visible in the cell-free water extract alone ([Table 1](#T1){ref-type="table"}). Similar observations were made by Maliszewska and Puzio \[[@B25]\] with AgNPs synthesized by *Penicillium* sp.

In the present study, effect of AgNPs alone and in combination with commonly used antibiotics was studied against four human pathogenic bacteria using the disc diffusion method. The diameter of inhibition zones for antibiotics alone and in combination with AgNPs showed significant increase in fold area in all the cases with erythromycin, methicillin, chloramphenicol and ciprofloxacin ([Tables 2](#T2){ref-type="table"}\~[4](#T4){ref-type="table"}). The synergistic activity of AgNPs with antibiotics were found to be higher against *S. aureus* and *S. pyogenes* as compared to *Enterococcus faecalis* and *S. enterica*.

Discussion
==========

Fungal cell filtrate treated with silver nitrate solution (1 mM) are known to show sharp peak at around 420 nm with high absorbance \[[@B20]\] which supports our finding of the peaks observed for absorbance at 412, 419, and 421 nm indicating the synthesis of nanoparticles by the selected fungal isolates characterized from soils of high altitudes. The absorption at 280 nm indicates the presence of tryptophan and tyrosine residues present in the protein \[[@B9]\]. This observation indicates the release of proteins into filtrate that suggests possible mechanisms for the reduction of silver ions present in the solution. The reduction of the Ag^+^ ions occur due to reductases released by the fungus into the solution. TEM provided further insight into the morphology and particle size distribution profile of the AgNPs and revealed pattern similar to the biosynthesized AgNPs previously characterized using TEM \[[@B23], [@B24]\].

Silver is known to have broad-spectrum antimicrobial activity against bacteria, viruses and eukaryotic microorganisms \[[@B26], [@B27]\]. Kim et al. \[[@B28]\] reported effective antimicrobial activity of AgNPs against *E. coli* and *S. aureus*. Our findings of synergistic effects corroborate with the report of Shahverdi et al. \[[@B29]\] who reported the increase in antibacterial activities of penicillin G, amoxicillin, erythromycin, clindamycin, and vancomycin in combination with the mycosyhthesized AgNPs against *E. coli*, *Pseudomonas aeruginosa* and *S. aureus*. Fayaz et al. \[[@B30]\] also reported the increase in the antibacterial activities of ampicillin, kanamycin, erythromycin, and chloramphenicol in combination with AgNPs against *S. typhi*, *E. coli*, *S. aureus* and *Micrococcus luteus*.

This study demonstrates that the fungi isolated from soil systems of high altitudinal cold climatic zones in eastern Himalayan range were capable of synthesizing stable AgNPs. The mycosynthesized AgNPs showed potent antimicrobial activity against various pathogenic bacterial strains namely, *S. aureus*, *S. pyogenes*, *S. enterica* and *Enterococcus faecalis*. However, enhanced antimicrobial activities of commonly used antibiotics were observed in combination with the mycosynthesized AgNPs. Therefore, it can be concluded that AgNPs alone or their formulations in combination with commonly used antibiotics can be used as effective bactericidal agents. There is an ongoing study on the exploration of microhabitats of Northeast India under eastern Himalayan range for novel indigenous fungal isolates which could be potent candidates for efficient and eco-friendly synthesis of stable antimicrobial AgNPs for pharmaceutical usages.
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###### 

Antimicrobial activity observed as zones of inhibition (mm) produced by mycosynthesized silver nanoparticles (AgNPs) against the test organisms as compared to activity of fungal cell free extract
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^a^SP5: *Aspergillus terreus*.

^b^SF1: *Paecilomyces lilacinus*.

^c^MP5: *Fusarium sp*.

###### 

Mean zone of inhibition (mm) produced by different antibiotics without/with silver nanoparticles (AgNPs) synthesized using the fungal isolate SF1 against the test organisms
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^a^Increase in fold area of inhibition zones were calculated by considering the inhibition zone generated by antibiotics alone and inhibition zones recorded for antibiotics in combination with AgNPs synthesized using the fungal isolate.

###### 

Mean zone of inhibition (mm) produced by different antibiotics without/with silver nanoparticles (AgNPs) synthesized using the fungal isolate SP5 against the test organisms
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^a^Increase in fold area of inhibition zones were calculated by considering the inhibition zone generated by antibiotics alone and inhibition zones recorded for antibiotics in combination with AgNPs synthesized using the fungal isolate.

###### 

Mean zone of inhibition (mm) produced by different antibiotics without/with silver nanoparticles (AgNPs) synthesized using the fungal isolate MP5 against the test organisms
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^a^Increase in fold area of inhibition zones were calculated by considering the inhibition zone generated by antibiotics alone and inhibition zones recorded for antibiotics in combination with AgNPs synthesized using the fungal isolate.
